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In recent investigations into the stability of fuzzy systems formed by a fuzzy plant model and a fuzzy controller, several stability conditions have been obtained [4] - [5] , [9] - [12] , [16] - [19] . A linear controller [14] was also proposed to control the plant represented by the fuzzy plant model. Most of the fuzzy controllers proposed are functions of the grades of membership of the fuzzy plant model. Hence, the membership functions of the fuzzy plant model must be known. This means that the parameters of the nonlinear plant must be known or must be constant when the identification method is used to derive the fuzzy plant model. Practically, the parameters of many nonlinear plants will change during operation (e.g., the load of a dc-dc power converter or the number of passengers on board a train). In these cases, the robustness property of the fuzzy controller is an important concern. Moreover, the investigations [4] - [5] , [9] - [12] tackled only a regulation problem such that the controllers drive all the system states to zero. In practice, we may face a nonzero set-point regulation problem or a tracking problem. To tackle these problems, some algorithms integrating fuzzy logic with adaptive control theory [3] , [7] , [15] or with H ∞ control theory [6] can be found.
In this article, a switching controller is proposed to control nonlinear plants subject to unknown parameters within known bounds. The nonlinear plant is represented by a fuzzy plant model. This switching controller is able to drive the system states to follow those of a reference model. The switching controller consists of several linear controllers. One of the linear controllers is employed at each moment according to a switching scheme, which is derived based on Lyapunov stability theory.
The remainder of the article is organized as follows. First, we describe a reference model, a fuzzy plant model, and a switching controller. Next, we investigate the system stability of the switching control system. The switching scheme will be derived based on Lyapunov stability theory, and the gains of the switching controllers will be designed. Then, we provide an application example of an inverted pendulum on a cart. Finally, we present our conclusions.
Reference Model, Fuzzy Plant Model, and Switching Controller
The nonlinear plant to be tackled is of the following form:
where
are the system matrix and input matrix, respectively, both of which have known structure but may be subject to unknown parameters (all matrices considered herein are real matrices); x( ) t n ∈ℜ × 1 is the system state vector; and u( ) t m ∈ℜ × 1 is the input vector. The system of (1) is represented by a fuzzy plant model that expresses the multivariable nonlinear system as a weighted sum of linear systems. A switching controller is to be designed to close the feedback loop of the nonlinear plant based on the fuzzy plant model such that the system states follow those of a reference model.
Reference Model
The reference model is a stable linear system given by 
Fuzzy Plant Model
Letting p be the number of fuzzy rules describing the multivariable nonlinear plant of (1), the ith rule is of the following format:
where M α i is a fuzzy term of rule i corresponding to the function f t α ( ( )) x in terms of the system states and the unknown parameters of the nonlinear plant, α ψ ψ = = x is unknown) but with known bounds and sign. It should be noted that because α( ( ))
x t ≠ 0 is required, B x 0 ( ( )) t ≠ is assumed.
Switching Controller
A switching controller is employed to control the nonlinear plant of (1). The switching controller consists of some simple subcontrollers that will be switched from one to another to control the system of (1). The switching controller is described by
where m t j p j ( ( )), , ,..., x =1 2 , takes the value of −1/ min α or 1/ min α according to the switching scheme to be discussed later, α min is the minimum value ofα( ( ))
, ,..., 1 2 , are the feedback gains to be designed. It can be seen that (9) is a linear combination of p linear state-feedback controllers. At each moment, one of the linear state-feedback controllers will be chosen to control the nonlinear plant according to the switching scheme.
Stability Analysis and Design of the Switching Controller
In this section, the switching controller will be designed to consider the system stability. The analysis results are summarized by the following lemma.
Lemma 1: The system states of the nonlinear plant of (1) represented by the fuzzy plant model of (4) will follow those of the reference model of (2) if the fuzzy plant model satisfies the conditions of (7) and (8) and the switching controller is designed by choosing
See the Appendix for the proof (it should be noted that Q is needed to prove stability, not for control design). The design procedure of the linear controller is summarized in the following steps:
• Step I: Obtain the fuzzy plant model of a nonlinear plant by means of the methods in [1] - [2] , [8] , [13] or other suitable ways. • Step II: Choose a reference model in the form of (2). • Step III: Check whether the fuzzy plant model satisfies conditions (7) and (8). • Step IV: Design the switching controller according to conditions i) through iv) of Lemma 1.
Application Example
An application example will be given here to show the design procedure of the switching controller. A cart-pole inverted pendulum system [5] is shown in Fig. 1 . A switching controller will be designed for it by following the design procedure given in the previous section.
Step I: The dynamic equation of the cart-pole inverted pendulum system is given by
where θ is the angular displacement of the pendulum, g = 
, .
Step II: The system matrix and the input vector of the reference model are chosen as follows:
It can be seen that the reference model is a stable system.
Step It can be seen that
Step IV: The switching controller is designed as 
By comparing (11) to (10), we can see that
The inverted pendulum of (10) can be modeled by a fuzzy plant model having four rules. The ith rule can be written as follows:
so that the system dynamical behavior is described by The membership functions, shown in Fig. 2 , are given as follows: To show the merits of the proposed switching controller, we compare the simulation results of the system under the switching controller to those under a linear state-feedback controller. The linear state-feedback controller is designed based on the linearized model of the inverted pendulum around the origin. The dynamics of the linearized model of the inverted pendulum are given by
The linear state feedback controller output is given by
The feedback gain is set asG=[ . . ] 130 0 32 0 such that the dynamics of the closedloop system are the same as that of the reference model. The simulation results are obtained by using the actual plant of (10) and the switching controller of (19) or the linear state-feedback controller of (21). A disturbance is also injected into the simulated system to reflect the practical situation of the real process. Disturbances are injected into the system states and the control input. The actual system state used by the switching controller in the simulation is 
Conclusion
A switching controller has been designed for nonlinear plants subject to unknown parameters. Under some conditions, this switching controller has the ability to drive the system states to follow those of a reference model. An application example of an inverted pendulum on a cart has been given. 
(A4) becomes ( ) 
To investigate the stability of (A6), the following Lyapunov function is employed: 
